Abstract YGR150C gene product (Ygr150cp) is one of the three mitochondrially located Saccharomyces cerevisiae proteins with pentatricopeptide repeat (PPR) motifs. Ygr150cp is essential for mitochondrial functionality but its molecular targets are still unknown. This study was undertaken to deWne the role of Ygr150cp in mitochondria biogenesis. Repression of Ygr150cp expression in complemented mutants prevented their use of glycerol or lactate, but allowed limited growth on ethanol-containing medium. RNA hybridization studies showed that ygr150c meiotic segregants produced COB and COX1 transcripts but failed to process them into the mature forms. Detailed RT-PCR assays revealed that ygr150c speciWcally failed to remove the fourth intron of both COB and COX1 premRNAs while all other group I introns were excised. Expression of Ygr150cp mutants without any of the PPR motifs did not complement the growth phenotype. Accordingly, we designate YGR150C as CCM1 (COB and COX1 mRNA maturation). This report provides the Wrst evidence of PPR protein involvement in the speciWc removal of group I introns in mitochondria of S. cerevisiae.
Introduction
Mitochondria proliferate by incorporating components into pre-existent structures such as mitochondrial membranes and mitochondrial DNA (mtDNA) that serve as templates for growth. Continuity is assured by distributing the organelle to daughter cells before every cell division via the cytoskeleton (YaVe 1999) . During the past few decades, many of the proteins required for respiratory growth and establishment and maintenance of mitochondrial structures have been identiWed in yeast (Contamine and Picard 2000; TzagoloV and Dieckmann 1990) . Mitochondria possess speciWc machinery to replicate and repair their genome, transcribe ribosomal, transfer and messenger RNAs, and translate proteins encoded by the mitochondrial genome. However, the majority of the proteins required for mitochondrial biogenesis is encoded in the nucleus, synthesized in the cytoplasm, and imported into mitochondria. Complexes I, II, III, and IV of the electron transport system are essential for aerobic respiration. S. cerevisiae does not possess Complex I but rather an alternative NADH dehydrogenase (Marres et al. 1991) . The mitochondrial genome of S. cerevisiae encodes for cytochrome b (Cobp), which is one of the subunits of Complex III, and for three subunits of cytochrome c oxidase or Complex IV (Cox1p, Cox2p, and Cox3p). In addition, ATP synthase subunits 6, 8, and 9, and a ribosomal protein (Var1p) are encoded in the mtDNA (Foury et al. 1998) . Depending on the strain, the yeast mitochondrial genome may contain up to 13 introns (Luban et al. 2005) . The 21S rRNA (21S_rRNA), cytochrome b (COB), and subunit I of cytochrome c oxidase (COX1) genes contain one, Wve, and seven introns, respectively. Some of these introns are translated independently or in frame with their upstream exons to produce maturases, reverse transcriptases or site-speciWc endonucleases. In particular, the Wrst four exons of the COB gene and 1,160 bp of intron 4 (bI4), code for the bI4 maturase, which along with additional proteins such as the nuclear-encoded Nam2p, are required to promote the removal of bI4 (Rho and Martinis 2000) as well as COX1 intron 4 (aI4) (Labouesse et al. 1984; Banroques et al. 1987) . Mutations that block these processes cause a secondary loss of the wild-type mitochondrial ( + ) genome; the more stringent the block, the faster and more complete is the disappearance of the + genome (Myers et al. 1985) . Pentatricopeptide repeat (PPR) motifs comprise a set of three related degenerated motifs of 31-36 amino acids that form 2 theoretical anti-parallel -helices (Small and Peeters 2000) . In the recent years, it has become more accepted that PPR motifs bind RNA and act collectively to achieve high aYnity and sequence speciWcity (Delannoy et al. 2007 ). For instance in Arabidopsis thaliana, the mitochondrial PPR protein encoded by the nuclear gene OTP43 is absolutely required to remove the Wrst intron of NAD1 pre-mRNA (de Longevialle et al. 2007 ). Pet309p, a S. cerevisiae PPR protein, participates in the translation of COX1 mRNA (Manthey and McEwen 1995; Tavares-Carreón et al. 2008) but no in vivo evidence of its functional association with mitochondrial transcripts has been reported so far. Our target, the YGR150C gene product (Ygr150cp) localizes to mitochondria (Huh et al. 2003; Reinders et al. 2006 ) and interacts in vitro with the mitochondrial ribosomal protein of the small subunit, Mrps5 (Gavin et al. 2002) . However, no in vivo experiments that elucidate the role of this protein have been published yet. The present communication reports for the Wrst time that Ygr150cp is speciWcally involved in the removal of bI4 and aI4, a function that requires the presence of both PPR motifs, and provides novel evidence of PPR motif involvement in the removal of group I introns in S. cerevisiae. Accordingly, we have designated this gene as CCM1 (COB and COX1 mRNA maturation).
Materials and methods

Media and strains
All reagents were purchased from Sigma (St. Louis, MO, USA) unless indicated otherwise. YEP contained 1% yeast extract (Becton, Dickinson and Co., Sparks, MD, USA), 2% peptone (Becton, Dickinson and Co.) YEPD, YEPGal, YEPE, and YEPG included YEP plus 2% glucose, galactose or ethanol, and 3% glycerol, respectively. Solid media was prepared by adding 2% agar to the components listed above. The antibiotic G418 was added to YEPD or YEPG to a Wnal concentration of 200 g/mL when required. Synthetic deWned medium without uracil (SD) was prepared by mixing yeast nitrogen base and uracil-free supplement medium according to the manufacturer's instructions (Sunrise Science, San Diego, CA, USA). The pH was adjusted to 5.8 by adding 30 g of succinic acid and 50 g of NaOH per liter of SD. Glucose (SDD) or galactose (SDGal) were added to SD to a Wnal concentration of 2%. Wild-type BY4741 (MATa ura3 0 leu2 0 his3 1 met15 0) was a generous gift from Dr. Dennis R. Winge (Departments of Medicine and Biochemistry, University of Utah Health Sciences Center, Salt Lake City, UT, USA). ccm1 (MAT ura3 0 leu2 0 his3 1 lys 0 ccm1 0::kanMX) was purchased from Invitrogen (Carlsbad, CA, USA). The presence of group I introns in the wild-type and mutant strains was conWrmed by end-point PCR using their respective mtDNAs as templates. The heterozygous diploid (2nB) was obtained by crossing BY4741 with ccm1. 2nB was selected and maintained in YEPG supplemented with G418. The homozygous diploid ccm1 (MATa/ ura3 0/ ura3 0 leu2 0/leu2 0 his3 1/his3 1 LYS2/lys2 0 met15 0/MET15 ccm1 0::kanMX/ccm1 0::kanMX) was obtained from Invitrogen.
Yeast methods, Ccm1p and antibodies production Yeast strains were cultured, mated and sporulated as previously indicated (Sherman 2002) . Tetrads were treated with Zymolyase 100 T during 2-3 min (Seikaguku, Tokyo, Japan) and dissected with the MSM series 300 system (Singer Instruments, Somerset, UK) on either YEPGal or YEPG plates. All growth studies were conducted at 30°C and when liquid media were used, Xasks and tubes were shaken at 300 rpm in Innova 4230 incubators (New Brunswick ScientiWc, Edison, NJ, USA). Ccm1p fused to the two synthetic IgG binding domains (ZZ) was puriWed as previously indicated (Moreno 1996) . Using this protein, antiserum against Ccm1p was produced as described by Moreno et al. (1994) . Poly his-tagged Ccm1p was produced in Escherichia coli Rossetta Blue (Novagen, Madison, WI, USA) by the expression vector pET28b. The 8 M ureabased extraction procedure and Ni-NTA aYnity puriWcation were carried out following the supplier's recommendations (Qiagen, Valencia, CA, USA). Antibodies were aYnitypuriWed using this poly his-tagged protein as previously described (Moreno et al. 1994 ).
DNA manipulation, yeast transformation, and immunoblot analysis All restriction and modiWcation enzymes were used following the supplier's recommendations (Promega, Madison, WI, USA). pCCM1-ZZ, a 2 -based vector that expresses the CCM1 open reading frame (ORF) fused to an aYnity tag (attB2, polyhistidine tag, HA epitope, Protease 3C recognition site, and ZZ IgG binding domains) under the control of the GAL1 promoter-inducible by galactose and repressible by glucose-was purchased from Open Biosystems (Huntsville, AL, USA). pCCM1, the vector that expresses the authentic protein was prepared as follows: pCCM1-ZZ was digested with SacII and KpnI to yield a »3.5 kb (GAL1 promoter and full length CCM1 ORF) and a »6.0 kb (rest of the vector) DNA fragments, which were gel-puriWed. The »3.5 kb DNA fragment was subsequently digested with NcoI. It yielded a »3.0 kb DNA fragment that spans the GAL1 promoter and a major part of the 5Ј CCM1 ORF, which was gel-puriWed again. The minor 3Ј moiety was ampliWed by PCR using pCCM1-ZZ as template, 5Ј-TTTGCCCATCTAATGGTTGA-3Ј as forward primer and 5Ј-AGGAGGTACCGCGGCCGCTACATGT ACATGTTAAGTTCTTGTT-3Ј as reverse primer, which anneals to the last 15 nucleotides of the CCM1 ORF, adds a stop signal (TAG) followed by a KpnI site. The 250-bp PCR-ampliWed DNA fragment was digested with NcoI and KpnI. The resultant 150 bp (3Ј moiety), »3.0 kb (GAL1 and 5Ј moiety) and »6.0 kb (the rest of the shuttle vector) DNA fragments were ligated, thus generating pCCM1. This construct was conWrmed by DNA sequencing. pCCM1 , the non-expressing vector was constructed by digestion of pCCM1-ZZ with SacI. This reaction excised a 1.8-kb DNA fragment that spans the GAL1 promoter and 1.5 kb of the CCM1 ORF. The rest of the vector (a »7.5 kb DNA fragment) was gel-puriWed and circularized. The CEN6/ ARSH4-based shuttle vector pRS316 (ATCC, Manassas, VA, USA) was used as the low-copy counterpart. Two LguI (Fermentas, Glen Burnie, MD, USA) sites in pCCM1 Xank a 5,000-bp DNA fragment (f5000) that contains the complete CCM1 ORF expression cassette plus »500 bp upstream and »1,000 bp downstream of it. DNA fragments obtained by digesting pCCM1 with LguI were separated by electrophoresis in 0.5% agarose and f5000 was puriWed from the gel. The 5Ј protruding ends of f5000 were Wlled-in with Klenow's DNA polymerase I large fragment and ligated to the SmaI site of pRS316. This low-copy vector expressing Cmm1p was called as pCMM1LC. PPR motifs were deleted from the CCM1 ORF as follows: a 500-bp region Xanked by the HindIII and SacI restriction sites contains two in-tandem PPR motifs (PPR1 and PPR2). HindIII-SacI DNA fragments lacking PPR were synthesized and sequenced (DNA2.0 Inc, Menlo Park, CA, USA). These fragments were swapped with the wild-type CCM1 ORF in pCCM1 at the corresponding HindIII and SacI restriction sites. Strains were transformed using the MicroPulser electroporation apparatus (Bio-Rad, Hercules, CA, USA) following the manufacturer's instructions. Recombinants were selected on SDD plates. Yeast transformation was conWrmed by plasmid content and restriction analysis. Western blot analysis was carried out following standard procedures (Sambrook and Russell 2001) .
Total RNA extraction
G418
R or G418 S colonies of about 30 £ 10 6 cells were collected from the YEPGal tetrad dissection plates. They were used to inoculate YEPGal with or without G418 and were further incubated for 16 h. DNA-free total RNA was isolated from these cultures with the RNeasy kit (Qiagen), following the manufacturer's instructions. RNA concentration was determined spectrophotometrically at 260 nm.
RNA hybridization, reverse transcription and end-point PCR analyses Between 2 and 3 g of total RNA were separated on a 1.2% agarose-formaldehyde gel, transferred to a Biodyne Nylon membrane (Pierce, Rockford, IL, USA), and stained with methylene blue (Sigma). Membrane blocking, hybridization and transcript detection were performed with the North2South Chemiluminescent Hybridization and Detection kit (Pierce). Signals were visualized and photographed with a gel documentation system (FluorChem SP, Alpha Innotech Corporation, San Leandro, CA, USA). Reverse-transcription and end-point polymerase chain reactions (PCR) were performed using standard methods (Sambrook and Russell 2001) . PCR primers are listed in Table 1 . The 290-bp COB biotinylated probe spans 229 nucleotides (nt) of COB exon (E) 4, all of E5, and 9 nt of E6. The 146-bp COX1 biotinylated probe is contained within E4 (Taylor et al. 2005) . Both probes were obtained by PCR, using wild-type cDNA as template, and labeled with the North2South Biotin Random Prime labeling kit (Pierce).
Quantitative PCR
The relative amount of mRNA or mtDNA was quantiWed by real-time PCR as indicated by Taylor et al. (2005) , with minor modiWcations. Nuclear DNA (ACT1) and mtDNA (COX1) quantitative PCR were performed in individual tubes for each sample within the linear range of ampliWcation in a Smart Cycler II thermal cycler (Cepheid, Sunnyvale, CA, USA). The reaction mixtures contained cDNA or DNA as template, ACT1 or COX1 (E4 , Table 1 ) primers, and 2£ ABsolute Blue QPCR SYBR Green Mix (Thermo Fisher ScientiWc), and were carried out as recommended by the reagent manufacturer. ACT1 and COX1 PCR products were identiWed by their melting temperature of 83.5 and 79.1°C, respectively. mRNA quantiWcation was performed after reverse transcription of total RNA as indicated above. Four 1:3 dilutions per sample were analyzed by real-time PCR for both target and reference genes using the indicated primers. Cycle threshold values for each sample were taken from dilutions within the linear range of ampliWcation. The relative (COX1/ACT1) amount of mRNA and mtDNA were calculated for each time point using the method of PfaZ (2001).
Fluorescence microscopy
Fluorescence microscopy was performed with an AxioImager A1 (Carl Zeiss, Inc., Thornwood, NY, USA) Xuorescence microscope equipped with an AxioCam MRc camera and a mercury short-arc lamp. 4Ј,6-diamino-2-phenylindole, dihydrochloride (DAPI) and MitoTracker Green FM (Invitrogen) staining were performed on ethanol-Wxed and live cells, respectively according to the manufacturer's instructions. Approximately 1 £ 10 6 cells were harvested from a 16-h SDGal culture and washed once with phosphate buVer saline (PBS, pH 7.0). One volume of cell suspension was added to four volumes of absolute ethanol chilled at ¡20°C, while vortexing at full speed and placed at ¡20°C during 15 min. Afterwards, cells were pelleted, rehydrated in PBS and mixed with 3 M DAPI in staining buVer (100 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 0.1% Nonidet P-40). Following 15 min of incubation at room temperature, cells were washed with PBS and analyzed as indicated below. MitoTracker Green FM is a Xuorescent dye that speciWcally accumulates in mitochondria regardless of mitochondrial membrane potential (Pendergrass et al. 2004) . DAPI-and MitoTracker Green FM-stained cells were visualized under a 31000 DAPI/ Hoechst set and a 31001 FITC/Fluo3 set, respectively.
Results
Phenotype complementation, mtDNA, and transcription analysis Two genome-wide screenings indicated that CCM1 is important for mitochondrial function (Dimmer et al. 2002; Steinmetz et al. 2002) , but no phenotype complementation has been reported so far. Direct transformation of YEPDgrown null mutants with pCCM1 did not suppress the growth defect (Fig. 1a) . Phenotype complementation as visualized by growth on media containing glycerol and ethanol was only possible when ccm1meiotic segregants inherited the + genome from a heterozygous diploid (2nB) along with pCCM1 (Fig. 1b) . Finally, tetrads derived from 2nB harboring pCCM1 and dissected on YEPG, generated colonies of identical size (Fig. 1c, upper panel) . Interestingly, non-complemented ccm1 meiotic segregants generated micro colonies of nearly 1,000 cells each that could not be further propagated on medium with glycerol (Fig. 1c, bottom panel) but their growth resumed in fermentable carbon sources (i.e. glucose), albeit with reduced Wtness (data not shown). Interestingly, an identical phenotype was reported for meiotic segregants lacking Mgm101p, which is involved in the maintenance of + genomes (Zuo et al. 2002) . The capacity of complemented ccm1 segregants to maintain the + genome was assessed by DAPI staining (Fig. 1d) . Both complemented and wildtype segregants exhibited similar features regarding mtDNA content and mitochondrial morphology. Under the same culture conditions, real-time PCR experiments reveled that mtDNA dosage in complemented segregants was not diVerent with respect to that of the wild type (1.0 § 0.2, average § SEM, n = 2), as determined by COX1 levels (Taylor et al. 2005) . On the other hand, micro colonies (Fig. 1c, bottom panel) representing 10 generations contained approximately 20-30% of wild-type mtDNA levels as visualized by DAPI staining. After 44 generations, 100% of the non-complemented segregants lacked the punctuated cytoplasmic foci corresponding to mtDNA, displaying only bright nuclear DNA Xuorescence, and in approximately 50% of them, mitochondria appeared to be clumped and swollen, as visualized by MitoTracker Green FM staining. COX1 mRNA closely paralleled the COX1 gene as they decreased with cell doubling, indicating that the transcription per se was not aVected by the absence of Ccm1p (Fig. 2) . These observations suggested that the lack of Ccm1p Wrst caused the failure of mitochondrial function, which was followed, after several generations, by the complete loss of the mitochondrial genome.
Ccm1p appears to be essential for the electron transport system function
The use of ethanol as source of energy by S. cerevisiae requires its oxidation to acetaldehyde by a cytosolic alcohol dehydrogenase 2 (Adh2p) (Marres et al. 1991) . Acetaldehyde is further converted to acetylCoA, which enters the tricarboxylic acid cycle in mitochondria. On the other hand, glycerol is utilized via the oxidation of glycerol-3-phosphate to dihydroxyacetone phosphate by the FAD-dependent glycerol-3-phosphate dehydrogenase (Gut2p), which is also nuclear-encoded and located in the inner mitochondrial membrane (Easlon et al. 2008 ). This oxidation takes place in the mitochondrial intermembrane space where the immediate acceptor of reduction equivalents is the coenzyme Q (Complex II of the electron transport system). Likewise, lactate is oxidized to pyruvate by L-lactate: cytochrome c oxidoreductase (Cyb2p), a link between Complexes III and IV (Mowat and Chapman 2000) . Thus, the utilization of glycerol and lactate depends more directly on the electron transport system functionality than that of ethanol, which directly requires NAD + inside the mitochondrial matrix to accept reduction equivalents. Therefore, in non-complemented nascent segregants, there would be enough residual Fig. 1 mitochondrial NAD + to allow limited growth. Accordingly, we hypothesized that abrupt repression of Ccm1p expression would correlate to the degree of incapacity to utilize a speciWc non-fermentable substrate, whose identity would hint at the targets to which Ccm1p is functionally related. In complemented segregants harboring the multi-copy vector pCCM1, no diVerence in growth was detected after GAL1 repression or induction by glucose or galactose, respectively. However, complemented segregants carrying the low-copy vector pCMM1LC responded to glucose repression (Fig. 3) . Under such conditions, growth on glyceroland lactate-containing media was dramatically reduced in comparison with galactose induction, while some limited ability to grow on ethanol was observed (Fig. 3, YEPE  panel) . Furthermore, the growth deWciency was slightly but consistently more evident in lactate than in glycerol. This observation led us to consider that Cmm1p is functionally related to the biogenesis of Complexes III and IV.
Ccm1p is involved on COB and COX1 mRNAs processing Based on our previous observations and taking into account that RNA processing falls well within the capabilities of PPR proteins, we assessed the status of mitochondrial encoded intron-containing transcripts, i.e. COB and COX1 mRNAs. We took advantage of the residual mitochondrial transcripts present in the non-complemented ccm1 segregants after 16 h of growth in YEPGal (Fig. 2) . Northern blots of total RNA from both non-complemented ccm1 and CCM1 meiotic segregants are shown in Fig. 4 . While CCM1 exhibited a major band corresponding to mature COB mRNA, non-complemented cmm1 segregants did not display it, but rather two forms of higher molecular weight. The larger molecule was not present in the wildtype counterpart, thus conWrming the speciWcity of the assay. The low amounts of COB pre-mRNAs in cmm1 were expected since total RNA was obtained from a culture containing approximately 2% of mtDNA (Fig. 2) . Therefore, the Wlter was over-exposed in order to visualize the species of lower abundance. Similar results were observed for COX1 transcripts. Even though the total amount of RNA loaded in the non-complemented cmm1 segregant lane (M) was slightly lower than in the wild-type lane (W), the speciWc signals obtained on the mutant samples were at least two orders of magnitude lower than those of the wild type.
ccm1 fails to excise aI4 and bI4
In order to deWne CCM1 function more precisely, we mapped the COB and COX1 exon (E)-exon (E) joints that Xank group I introns by reverse transcription-PCR (RT-PCR) which is the most sensitive method available . PCR products derived from COB and COX1 exon 4-intron 4 joints were detected in both CCM1 and ccm1 backgrounds (Fig. 5a ). In ccm1, the exon 4-exon 5 joints generated by excision of COB or COX1 intron 4 were not detected, thus demonstrating that intron 4 was not removed (Fig. 5b) . All other splicing reactions involving the excision of COX1 and COB group I introns took place (Fig. 5b, c) . The speciWc nature of the mutant defect was further conWrmed by its ability to splice 21S_rRNA. Transcript examination by RT-PCR showed that mutant cells produced the mature form of 21S rRNA because a PCR product of the correct size (221 bp) derived from the exonexon joint was detected (Fig. 5d) . Based on these results, we conclude that Ccm1p is speciWcally involved in the removal of the fourth intron of both COX1 and COB pre-mRNAs.
Deletion of any of the PPR motifs abolishes Cmm1p complementation
A systematic study of Pet309p deleted one PPR motif at the time and showed that all seven motifs were essential for its biological activity (Tavares-Carreón et al. 2008) . We followed a similar approach with Ccm1p because it has two in-tandem PPR motifs. We deleted the Wrst PPR domain between amino acids 319 and 353 ( PPR1), the second PPR domain between amino acids 356 and 390 ( PPR2), and both domains between amino acids 319 and 390 ( PPR1/2) from CCM1 ORF. 2nB eYciently over-expressed these three mutated proteins under standard conditions (Fig. 6a ). Following sporulation, over 25 tetrads corresponding to each of the CCM1 deletant forms were dissected and the meiotic segregants were assessed by plasmid content (growth on SDD), G418 sensitivity/resistance (growth on YEPD + G418), growth on SDD without lysine and use of non-fermentable substrates (growth on YEPG and YEPE). None of the PPR-less constructs was able to complement the growth phenotype of ccm1 meiotic segregants (Fig. 6b) .
Discussion
In spite of the relevance of CCM1 as a gene that encodes a protein with PPR motifs, which are widely conserved in organelles, there is no published data about its speciWc role. The present study identiWes for the Wrst time the molecular targets of CCM1. Previous genome-wide reports have identiWed ccm1 as respiratory deWcient (Steinmetz et al. 2002) and localized Ccm1p into mitochondria (Reinders et al. 2006) , which support a mitochondrial role for CCM1. Half of the non-complemented segregants displayed abnormal mitochondrial morphology. This observation agrees with the phenotype of class II (respiratory competent) and III (respiratory incompetent) mutants, which often presented aggregated mitochondria (Dimmer et al. 2002) . Class II includes, among others, yme1 that lacks an ATP-dependent protease located in the inner mitochondrial membrane (Hermann and Shaw 1998) , while ccm1 falls into class III.
In 2nB harboring pCCM1, glucose partially repressed Ccm1p expression as assessed by immunoblot analysis (data not shown). Such background expression complemented the ccm1 phenotype as visualized in nascent segregants dissected on YEPG and the drop-assay results. We had to diminish the genic dosage by transferring the same expression cassette to a low-copy vector to down-regulate Ccm1p expression levels below the physiological threshold in complemented segregants. This diVerentially impaired their capacity to grow on non-fermentable substrates. These observations along with the observed lack of mature COB and COX1 mRNA in non-complemented mutant segregants indicated that Ccm1p is directly required in Complexes III and IV biogenesis. Finally, the inability of non-complemented segregants to remove bI4 and aI4 agrees with the results indicated above.
Of all proteins encoded by the S. cerevisiae genome that localize to mitochondria, only Aep3p, Pet309p and Ccm1p have PPR motifs (Small and Peeters 2000) . The minimal functional unit is two in-tandem -helices that enclose a groove, whose bottom is lined with positive charges that interact with RNA phosphate groups. Therefore, one isolated PPR domain would not form a stable complex with the RNA. Our results conWrm this model, since the deletion of any of the Ccm1p PPR motifs nullify its biological function. Identical conclusions were reached for Pet309p by Tavares-Carreón et al. (2008) and the human protein LPR130 (Mili and Piñol-Roma, 2003) . Like Ccm1p, other PPR proteins have been implicated in RNA splicing (Schmitz-Linneweber and Small 2008) . PPR proteins lack known catalytic sites, therefore the RNA processing events in which they participate must be performed by other molecules that somehow interact with the PPR-RNA complex (Delannoy et al. 2007) . In this particular, Nam2p and bI4 maturase were reported to be required for bI4 and aI4 intron splicing activity in the heterologous nuclear environment (Rho and Martinis 2000) . However, the activity was so low that the splicing product was only detected by RT-PCR. Accordingly, other factors must exist in mitochondria since our data show that naturally occurring removal of aI4 and bI4 was very eYcient while non-complemented segregants did not display any detectable excision of aI4 and bI4. All (Foury et al. 1998) . Following the same pathway, the bI4 maturase should have been produced as well, since the translation initiation factor-such as Pet309p for Cox1p-should be common for all COB maturases. In fact, deletion of CBS1 or CBS2 prevented the removal of bI2, bI3, and bI4 from COB pre-mRNA (Rödel 1986 ). Nevertheless, a role for Ccm1p in the bI4 maturase translation process cannot be ruled out. For instance, Mrf1p, a peptide chain release factor that interacts with ribosomes and mRNA stop codons (Askarian-Amiri et al. 2000) , is required to complete the translation of COX1 and COX2 mRNAs-which is also necessary for the excision of group II introns- (Pel et al. 1992) . Therefore, Ccm1p as a translation factor for bI4 maturase remains an open possibility: the interaction of Ccm1p with the ribosomal protein Mrps5 in vitro supports this idea. Regardless the intrinsic molecular mechanism by which Ccm1p acts, it is clear that this protein is essential to remove aI4 and bI4.
In spite of the signiWcance of PPR proteins, few studies about their molecular mechanism have been reported. Representative Wndings were achieved on PPR4 from maize (Zea mays) a chloroplast-targeted PPR protein (SchmitzLinneweber et al. 2006) . PPR4 was shown to facilitate in vivo splicing of the Wrst intron of the plastid rps12 premRNA, a group II intron. It has been previously reported that Ccm1p is not involved in the excision of group II introns (Luban et al. 2005) . To the best of our knowledge, the present study describes for the Wrst time Ccm1p as a PPR protein involved in the removal of group I introns. It also introduces the possible role of this protein as a modulator of the electron transport system biogenesis in S. cerevisiae and oVers a novel in vivo model to study still unknown interactions between PPR proteins and RNA in mitochondria. Fig. 6 Deletions of any PPR motifs failed to complement ccm1 phenotype. a Immunoblot analysis of recombinant proteins with puriWed polyclonal antibodies against Ccm1p. 25 g of total protein in clariWed crude extracts from galactose-induced 2nB cells carrying the indicated plasmids were run in 12% SDS-PAGE and transferred to nitrocellulose membrane. Ccm1p expressed in E. coli was used as control. b G418 R meiotic segregants harboring vectors that express wild-type Ccm1p (pCMM1), PPR1-deleted Ccm1p ( PPR1), PPR2-deleted Ccm1p ( PPR2), and PPR1/PPR2-deleted Ccm1p ( PPR1/2). The strains were incubated at 30°C for 2 days (YEPD + G418) or 3 days (SDD, YEPG, YEPE) 
